Twenty-one men with coronary heart disease had supine phonocardiograms and carotid pulse tracings at rest, immediately after upright bicycle exercise, and 3 min after exercise 1 day preceding left ventricular cineangiography. External isovolumic contraction times (EICT) and left ventricular ejection time/EICT (LVET/EICT) ratios were computed and correlated with ejection fractions and ventricular end-diastolic volumes determined from right anterior oblique cineangiograms. For the ejection fraction, the highest correlations were with the LVET/EICT ratios immediately after (r = 0.71) and 3 min after exercise (r = 0.69). For the end-diastolic volume, the highest correlations were with the LVET/EICT ratios immediately after (r = -0.79) and 3 min after exercise (r = -0.80). The LVET/EICT ratio immediately after exercise differentiated between 13 patients with an ejection fraction of 50% or greater and eight patients with an ejection fraction <50%. These data indicate that the LVET/EICT ratio after exercise is a good noninvasive measurement for assessment of myocardial contractility.
SUMMARY
Twenty-one men with coronary heart disease had supine phonocardiograms and carotid pulse tracings at rest, immediately after upright bicycle exercise, and 3 min after exercise 1 day preceding left ventricular cineangiography. External isovolumic contraction times (EICT) and left ventricular ejection time/EICT (LVET/EICT) ratios were computed and correlated with ejection fractions and ventricular end-diastolic volumes determined from right anterior oblique cineangiograms. For the ejection fraction, the highest correlations were with the LVET/EICT ratios immediately after (r = 0.71) and 3 min after exercise (r = 0.69). For the end-diastolic volume, the highest correlations were with the LVET/EICT ratios immediately after (r = -0.79) and 3 min after exercise (r = -0.80). The LVET/EICT ratio immediately after exercise differentiated between 13 patients with an ejection fraction of 50% or greater and eight patients with an ejection fraction <50%. These data indicate that the LVET/EICT ratio after exercise is a good noninvasive measurement for assessment of myocardial contractility.
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End-diastolic volume Ejection fraction NONINVASIVE techniques have been used successfully for evaluation of cardiac contractility.1-3 However, myocardial contractility should also be evaluated after the stress of exercise, particularly in patients who report symptoms during exertion and whose resting noninvasive indices are normal. We wanted to investigate possible correlations between the external isovolumic contraction times (EICT) and left ventricular ejection time/external isovolumic contraction time (LVET/EICT) ratios at rest and after exercise with cineangiographic measurements of cardiac contractility in a group of patients with symptomatic coronary heart disease.
Methods
Twenty-one men, mean age 51 years (range 37-61 years), with coronary heart disease were studied. All patients had left heart catheterization, left ventricular cineangiography, and coronary arteriography performed at the Long Beach Veterans Administration Hospital because of chronic congestive heart failure or severe angina pectoris. Left ventricular cineangiography was DN ''V1'11'7 1 111'vT,:1 71'I
Figure 1
Simultaneous recording of the heart sounds at the apex, the right carotid arterial pulse tracing, and the electrocardiogram (paper speed, 100 mm/sec; time markers, 0.04 sec). S1S 2= heart sounds interval; LVET = left ventricular ejection time; DN = dicrotic notch.
performed before coronary angiography in order that depressed contractility caused by previous injection of contrast media might be avoided. Coronary angiography revealed a 50% or greater narrowing of the lumen of at least one major vessel in all patients. All patients had regular sinus rhythm, and none had bundle branch block, abnormally low arterial diastolic pressure, or systemic hypertension. Fifteen of these 21 patients (71%) had a documented transmural myocardial infarction at least 6 months old. Eleven of these 21 patients (52%) were receiving digitalis. None of these patients was receiving beta-adrenergic blocking drugs, procainamide, or diphenylhydantoin. Patient 8 was receiving 300 mg of quinidine four times daily.
Simultaneous external phonocardiograms, electrocardiograms, and external right carotid arterial pulse tracings were recorded in all these patients in the supine position at rest, immediately after exercise, and 3 min after exercise 1 day before left ventricular cineangiography. An eight-channel recorder (Sanborn-Hewlett-Packard-350 series) was used. Phonocardiograms were obtained at the apex with a dynamic microphone (Sanborn 62-1500-C16) by use of a frequency response between 50 and 400 Hz. External right carotid arterial pulse tracings were recorded with a pulsewave crystal microphone (Hewlett-Packard 21051D) with a time constant of 2-3 sec. The tracings were recorded at a paper speed of 100 mm/sec with time lines of 0.04 sec. Each patient exercised in the upright position on a bicycle ergometei at a load of 60 w for 3 min, or less if angina pectoris or significant dyspnea developed.
The S1S2 interval illustrated in figure 1 was measured from the onset of the first high frequency vibration of the first heart sound to the onset of the first high frequency vibration of the aortic component of the second heart sound. The left ventricular ejection time illustrated in figure 1 was measured from the beginning upstroke of the carotid arterial pulse tracing to the trough of its incisura. The EICT was computed by subtraction of the left ventricular ejection time from the S1S2 interval. The LVET/EICT ratio was calculated by division of the left ventricular ejection time uncorrected for heart rate by the external isovolumic contraction time. All intervals were calculated from the mean of measurements made on 10 consecutive beats, each read to the nearest 5 msec.
The mean EICTs in 60 normal men4 were 0.041 sec at rest (range 0.028-0.051 sec), 0.025 sec immediately after exercise (range 0.015-0.041 sec), and 0.036 sec 3 min after exercise (range 0.021-0.048 sec). The mean LVET/EICT ratios in 60 normal men4 were 7.4 at rest (range 5.1-10.3), 11.0 immediately after exercise (range 6.2-16.0), and 8.2 three minutes after exercise (range 5.6-11.9).
We made left ventricular angiograms using 76% Renografin injected through a no. 8F preformed pigtail catheter at a pressure of 350 lb/inch2 by a Gidlund pressure injector. Thirty-five to 50 cc of the contrast media were used.
The angiographic measurements were computed by one of the authors (AFB) without knowledge of the noninvasive measurements. Left ventricular end-diastolic and end-systolic volumes were computed from angiographic films exposed at 60 frames/sec in the right anterior oblique position. Frames showing premature ventricular beats or short runs of tachycardia were excluded. In all patients, a clearly defined left ventricular apex and aortic valve plane was clearly delineated as well as over 90% of the left ventricular margin. In the individual left ventricular cineangiogram, angiographic frames were projected (Tage Arno), and the individual systolic and diastolic frames were manually traced onto white stock. Correction for linear geometric distortion was made by use of the external measurements of the X-ray tube-to-phosphor and patient-to-phosphor distances.
The major axis, A, of the left ventricular outline was taken to be the distance from the mid-aortic valve plane to the apex. All linear measurements were made with a vernier caliper. The area of the left ventricular outline was computed with a compensating polar planimeter.5 Replicate area and length computations had less than 0.1% error. Individual ventricular volumes were computed by the assumptions of the area-length method.5 6 The left ventricle was assumed to approximate an ellipsoid, and the formula for the volume of an Circulation, Volume XLIII. January 1971 where V =volume, A = the major axis, and B/ = the minor axis of the ellipsoid.
The minor axis, B, was calculated from the following formula:5' 6 Table 1 reveals the EICT and LVET/EICT Circulation, Volume XLIII, January 1971 ratio in each patient at rest, immediately after exercise, and 3 min after exercise. Table 2 reveals the ejection fraction and the left ventricular end-diastolic volume in each pa-
tient.
A t-test for skewness8 based on the third moment about the mean indicated that the ejection fractions, the left ventricular enddiastolic volumes, and the LVET/EICT ratios were not significantly skewed. We also used the W statistic9 to test the data for normality. Only the EICTs were found to be skewed and nonnormal. Table 3 reveals the correlations of the noninvasive measurements with the cineangiographic data. For the ejection fraction, the highest correlations were with the LVET/ EICT ratios immediately after (r = 0.71) and 3 min after exercise (r = 0.69). For the left ventricular end-diastolic volume, the highest correlations were with the LVET/EICT ratios immediately after (r = -0.79) and 3 min after exercise (r = -0.80).
We also performed the log transformation in order to correct for one type of nonlinear relationship. The correlations were comparable with those stated in table 3. The 13 patients with coronary heart disease and normal left ventricular contractility with an ejection fraction of 50% or more had mean EICTs of 0.050 0.008 sec at rest (range 0.039-0.062 sec), 0.034 0.005 sec immediately after exercise (range 0.025-0.042 sec), and 0.042 + 0.006 sec 3 min after exercise (range 0.035-0.057 sec). The eight patients with coronary heart disease and abnormal left ventricular contractility with ejection fractions of 35% or less had mean EICTs of 0.073 + 0.022 sec at rest (range 0.048-0.118 sec), 0.056 0.016 sec immediately after exercise (range 0.036-0.081 see), and 0.064 0.018 sec 3 min after exercise (range 0.043-0.098 see). The patients with normal left ventricular contractility had mean EICTs significantly shorter than those of the patients with abnormal left ventricular contractility at rest (P < 0.005), immediately after exercise (P <0.0005), and 3 min after exercise (P <O.OO5).
The 13 patients with coronary heart disease and normal left ventricular contractility with an ejection fraction of 50% or more had mean LVET/EICT ratios of 5.7 0.9 at rest (range 4.1-7.1), 7.4 + 1.2 immediately after exercise (range 5.8-9.8), and 6.4 + 0.7 three minutes after exercise (range 4.7-7.3). The eight patients with coronary heart disease and abnormal left ventricular contractility with ejection fractions of 35% or less had mean LVET/EICT ratios of 3.6 1.3 at rest (range 1.9-5.7), 4.2 + 1.1 immediately after exercise (range 2.7-5.7), and 3.9 + 1.1 three minutes after exercise (range 2.3-5.5). The patients with normal left ventricular contractility had mean LVET/EICT ratios significantly larger than those of the patients with abnormal left ventricular contractility at rest (P<0.001), immediately after exercise (P<0.0001), and 3 min after exercise (P <0.0001).
In addition to the t-test for independent means indicating a significant difference between the means reported as such in our paper, nonparametric Wilcoxon rank-sum tests were also performed with the same conclusions.
The EICTs at rest accurately predicted the presence of a normal or abnormal ejection fraction in 16 of 21 patients (76%), misclassifying five of 21 patients (24%). The EICTs immediately after exercise accurately predicted the presence of a normal or abnormal ejection fraction in 19 of 21 patients (90%), misclassifying two of 21 patients (10%). The EICTs 3 min after exercise accurately predicted the presence of a normal or abnormal ejection fraction in 17 of 21 patients (81%), misclassifying four of 21 patients (19%). The LVET/EICT ratio at rest accurately predicted the presence of a normal or abnormal ejection fraction in 17 of 21 patients (81%), misclassifying four of 21 patients (19%). The LVET/EICT ratio immediately after exercise accurately predicted the presence of a normal or abnormal ejection fraction in 21 of 21 patients (100%o). The LVET/EICT ratio 3 min after exercise accurately predicted the presence of a normal or abnormal ejection fraction in 19 of 21 patients (90%), misclassifying two of 21 patients (10%).
The mean systolic and diastolic blood pressures at rest were 127+ 12 mm Hg in the patients with a normal ejection fraction, and 187 + 18 mm Hg in the patients with an abnormal ejection fraction. There was no significant difference between the mean systolic and diastolic blood pressures in these two groups of patients. The mean heart rates during the resting measurements were 73 + 11 beats/min in the patients with a normal ejection fraction, and 88 + 9 beats/min in the patients with an abnormal ejection fraction (P <0.007). The mean heart rates during the measurements immediately after exercise were 117 + 15 beats/min in the patients with a normal ejection fraction, and 121 + 15 beats/min in the patients with an abnormal ejection fraction (P> 0.5). The mean heart rates during the measurements 3 min after exercise were 82 ± 16 beats/min in the patients with a normal ejection fraction, and 94 ± 11 beats/ min in the patients with an abnormal ejection fraction (P > 0.06).
Patient 3 had the lowest ejection fraction, but noninvasive measurements were not pro-Circulation, Volume XLUII, January 1971 portionately abnormal. Of interest, this patient had a very large left ventricular aneurysm successfully resected at surgery with normally contracting cardiac muscle outside the aneurysm. Discussion The LVET/EICT ratio immediately after exercise was the noninvasive index that correlated best with the ejection fraction. All 13 patients with coronary heart disease who had LVET/EICT ratios immediately after exercise of 5.8 or more had normal ejection fractions. All eight patients with coronary heart disease who had LVET/EICT ratios immediately after exercise of 5.7 or less had abnormally low ejection fractions. The lowest LVET/EICT ratio immediately after exercise in 60 normal men4 was 6.2. The LVET/EICT ratios immediately and 3 min after exercise correlated best with the ejection fraction and the left ventricular end-diastolic volume. Patients with coronary heart disease and abnormal left ventricular contractility had significantly lower values of this noninvasive index at rest and especially after the stress of exercise because of lower left ventricular ejection times and higher external isovolumic contraction times.
The EICT correlates well with the internal isovolumic contraction time (P < 0.001) . 10 The duration of isovolumic contraction of the left ventricle is a function of the rapidity of the myocardial contraction and of the level of the aortic diastolic pressure." The major determinant of the isovolumic contraction time is the rate of rise of ventricular pressure.12 When myocardial contractility increases, there is an increased rate of development of tension,13 and the isovolumic contraction time shortens.'4 The isovolumic contraction time is shortened by an increase in stroke volume,15 administration of digitalis,16 an abnormally low arterial diastolic pressure,'7 aortic valve disease,17 and mitral valve disease.2 17, 18 It is lengthened by hypertension15 and by left bundle branch block. '9 The left ventricular ejection time is prolonged by an increase in stroke volume15 and by aortic valve disease.20 It is shortened by left bundle branch block'9 and by mitral valve disease.20 Digitalis also shortens the left ventricular ejection time but not as much as it decreases the isovolumic contraction time by increasing myocardial contractility.'6 Digitalis, therefore, raises the LVET/EICT ratio.
In left ventricular failure, the shortened left ventricular ejection time and the prolonged EICT values are correlated with the reduced stroke volume and cardiac output.' In disturbed myocardial contractility, there is shortening of the left ventricular ejection time and prolongation of the isovolumic contraction time.'7 By decreasing the rate of the rise of isovolumic pressure in the left ventricle, disturbed myocardial contractility prolongs the isovolumic contraction time because the intraventricular pressure takes longer to reach the arterial diastolic level.21
The upright position causes a decrease in the left ventricular ejection time, an increase in the pre-ejection period (PEP), and an increase in the PEP/LVET ratio.2 Our tracings were recorded in the supine position although upright exercise was performed because the LVET/EICT ratio decreases in the upright position.
The sound physiological basis for the use of the LVET/EICT ratio at rest and after exercise, its excellent correlation with the ejection fraction, and its ease of performance make this noninvasive measurement a valuable aid in the prediction and follow-up assessment of cardiac contractility in patients with coronary heart disease. 
